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_
Proton beam → Be → n →  captures on 7Li →  8Li →  νe

8Li !8 Be + e� + ⌫̄e5 mA H+
2 @ 60 MeV/n

(600 kW proton beam)

5 years (with 90% duty factor)

Produces 1.29⇥ 10

23 ⌫̄e in

The	  IsoDAR	  	  	  	  	  	  Source	  ⌫̄e
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The	  IsoDAR	  Experiment	  

Cyclotron	   9Be	  target	  
7Li	  sleeve	  

⌫̄e
⌫̄e ⌫̄e ⌫̄e

⌫̄e

⌫̄e

⌫̄e

⌫̄e⌫̄e
⌫̄e

protons	  

⇠ 16 m

νe+p	  	  	  	  	  	  	  e++n	  (IBD)	  

kt-‐scale	  
Detector	  

1 / L2  flux rate modulated by Probosc = sin2 2θ ⋅ sin2 Δm2L / E( )�m2L/4E

Key	  features	  of	  IsoDAR	  setup:	  
•  High	  staXsXcs	  
•  Compact	  anXneutrino	  source	  

•  Bring	  source	  to	  underground	  detector	  
•  σx	  =	  σy	  =	  23	  cm	  and	  σz	  =	  	  37	  cm	  (see	  backup)	  

•  Well	  understood	  energy	  spectrum	  
•  8Li	  β-‐decay	  dominates	  νe	  flux	  (see	  backup)	  
•  Above	  3	  MeV	  environmental	  backgrounds	  

•  Pair	  with	  kton-‐scale	  underground	  IBD	  detector	  
•  Both	  L	  and	  E	  accurately	  reconstructed	  
•  Delayed	  coincidence	  signal	  reduces	  backgrounds	  
•  Backgrounds	  don’t	  show	  L/E	  oscillaXon	  behavior	  
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Negligible	  backgrounds	  
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Good	  control	  of	  systemaXcs	  
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Where	  Can	  IsoDAR	  Run?	  
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IsoDAR	  at	  KamLAND	  

PotenXal	  LocaXon	  of	  νe	  Source	  

Currently	  working	  with	  the	  KamLAND	  collaboraXon	  
on	  the	  details	  of	  siXng	  and	  installaXon	  of	  the	  
cyclotron,	  beam	  line,	  and	  neutrino	  source.	  

10	  2/5/15	  
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~16m	  

60	  MeV/n	  5	  mA	  	  H2
+	  Cyclotron	   9Be/7Li	  Target	  and	  νe	  Source	  

Cyclotron	  and	  Isotope	  AnXneutrino	  Source	  
Installed	  at	  KamLAND	  
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Five Years of Running at KamLAND

12

2

sues.
The beam can be extracted from the cyclotron in two

di↵erent ways: (1) direct extraction of H+
2 using an elec-

trostatic septum and (2) stripping extraction. Numerical
simulations based on Ref. [23] predict tolerable loss rates
in the case of direct extraction. The alternative approach
is extraction using a stripper foil similar to that which is
described in Ref. [24]. Both variants will be considered in
the detailed design of the machine. We currently assume
a stripper foil extraction, resulting in a proton beam of
60 MeV delivered at 10 mA.

The accelerator described is a continuous-wave source
with a 90% duty cycle to allow for machine maintenance.
In consideration of target cooling and degradation with
600 kW of beam power, we require a uniform beam dis-
tributed across most of the 20 cm diameter target with
a sharp cuto↵ at the edges. Third-order focussing ele-
ments in the extraction beam line are able to convert
the Gaussian-like beam distribution into a nearly uni-
form one [25] and hence create the necessary condition
on the target.

The 60 MeV proton beam impinges on a cylindrical
9Be target that is 20 cm in diameter and 20 cm long.
The primary purpose of this target is to provide a copi-
ous source of neutrons. Neutrons exiting the target are
moderated and multiplied by a surrounding 5 cm thick
region of D2O, which also provides target cooling. Sec-
ondary neutrons enter a 150 cm long, 200 cm outer di-
ameter cylindrical sleeve of solid lithium enveloping the
target and D2O layer. The target is embedded 40 cm
into the upstream face of this volume; a window allows
the beam to reach the target. The sleeve is composed of
isotopically enriched lithium, 99.99% 7Li compared to the
natural abundance of 92.4%. The isotopically pure mate-
rial is widely used in the nuclear industry and is available
from a number of sources. The isotope 8Li is formed by
thermal neutron capture on 7Li and to a lesser extent by
primary proton interactions in the 9Be target. For en-
hanced production, the sleeve is surrounded by a volume
of graphite and steel acting as a neutron reflector and
shield. The volume extends 2.9 m in the direction of the
detector. Isotope creation in the shielding is negligible.
Figure 1 displays the target and sleeve geometry and Ta-
ble I summarizes the experimental parameters. We note
that the geometry of the design is similar to that which
is described in Ref. [10].

We determine isotope production rates using a
GEANT4 simulation [26]. Due to its vast range of ap-
plications, GEANT4 provides an extensive set of data-
based, parametrized, and theory-driven hadronic mod-
els, each one specializing in di↵erent types of interactions
within a specified range of energy. The QGSP-BIC-HP
physics package was chosen for this particular applica-
tion. The applicable physics model is the pre-compound
nuclear one which is invoked by the Binary Cascade sim-
ulation. Simulated hadronic processes include elastic
scattering, inelastic scattering, neutron capture, neutron
fission, lepton-nuclear interactions, capture-at-rest, and

7Li (99.99%)
sleeve

9Be target
surrounded 

by D2O 

Proton beam

FIG. 1: A schematic of the IsoDAR target and surrounding
volumes. The dots represent 8Li (⌫e) creation points, ob-
tained with 105 60 MeV protons on target simulated. The
neutron reflector, shielding, and detector are not shown.

Accelerator 60 MeV/amu of H+
2

Current 10 mA of protons on target
Power 600 kW

Duty cycle 90%
Run period 5 years (4.5 years live time)

Target 9Be surrounded by 7Li (99.99%)
⌫ source 8Li � decay (hE⌫i=6.4 MeV)

⌫e/1000 protons 14.6
⌫e flux 1.29⇥1023 ⌫e

Detector KamLAND
Fiducial mass 897 tons

Target face to detector center 16 m
Detection e�ciency 92%

Vertex resolution 12 cm/
p

E (MeV)

Energy resolution 6.4%/
p

E (MeV)
Prompt energy threshold 3 MeV

IBD event total 8.2⇥105

⌫e-electron event total 7200

TABLE I: The relevant experimental parameters used in this
study.

charge exchange. For neutron energies below 20 MeV,
the high-precision package uses the ENDF/B-VII data
library [27].
Although all isotopes are considered in this analysis,

the induced 8Li source in the sleeve dominates the an-
tineutrino flux. The simulation yields 14.6 8Li isotopes
for every 1000 protons (60 MeV) on target. Approxi-
mately 10% of all 8Li is produced inside the target; the
rest is produced in the sleeve. Neutrinos and antineu-
trinos from other unstable isotopes are produced at a
comparatively negligible rate. Over a five year run pe-
riod and with a 90% duty cycle, 1.29⇥1023 antineutri-
nos from 8Li are created. IsoDAR’s nominal oscillation
analysis is done in terms of “shape-only” in L/E and is
therefore independent of the absolute flux normalization.
However, a “rate+shape” analysis using an absolute flux
normalization uncertainty of 5% is also considered in this
study.

820,000 IBD events
Ø  Sterile neutrino search

    

νe
e+

p n

W

Inverse	  β	  Decay	  (IBD)	  
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IsoDAR	  νe	  Disappearance	  OscillaXon	  SensiXvity	  (3+1)	  
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Ø  Global	  fit	  can	  be	  ruled	  out	  at	  >	  5σ	  in	  4	  months	  of	  running!	  
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IsoDAR	  Measurement	  SensiXvity	  
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(3+2) with Kopp/Maltoni/Schwetz Parameters
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(3+1) Model with !m2 = 1.0 eV2 and sin22"=0.1
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IsoDAR can also discriminate between 
different sterile neutrino models!

(5 years of running)

3+1	   3+2	   	  
PRL	  107,	  091801(2011)	  
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WATCHMAN	  Disappearance	  SensiXvity	  
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IsoDAR	  source	  6.5	  m	  away	  from	  1	  kton	  Gd-‐doped	  (0.1%)	  H20	  fiducial	  volume	  
-  Also	  consider	  water-‐based	  light	  scinXllator	  (1%)	  and	  pure	  scinXllator	  opXons	  

2/5/15	  
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Challenges of the target

1.  Obtaining ~700 kg of 7Li
7Li is produced for Molten Salt Reactors as FLiBe 

(need 2.4 tons )

high end of estimate à $2M for IsoDAR

2.  Designing the target:      
Under investigation by Bartoszek Engineering

(50 kg are at MIT reactor for study now)

Targeting – 600 kW  “painted” 
across embedded Be target face

20	  M.	  Toups	  -‐-‐	  WINP	  2/5/15	  



A major difference between IsoDAR and existing machines:
   the proposed underground installation!

1.  Slicing up the cyclotron to bring it in (TRIUMF was sliced)
2.  Space for installation/layout of power supplies/etc
3.  Shielding issues in a mine

21	  M.	  Toups	  -‐-‐	  WINP	  2/5/15	  



Four issues to solve…
1.  Space charge
2.  Intensity of ion source
3.  Inflection from transverse to median plane
4.  Extraction from cyclotron (see backups)

We claim we will be able to produce 
~10 mA of protons @ 60 MeV

when commercial machines (IBA, Best)  produce
~1 mA of protons @ 70 MeV

How do we achieve this?

IsoDAR Uses Higher Currents Than Existing Similar Cyclotrons

22	  M.	  Toups	  -‐-‐	  WINP	  2/5/15	  



If you inject a lot of charge here, 
it repels & beam “blows up”

As radii get closer together,
bunches at different radii interact 

To	  reduce	  the	  “space	  charge”	  at	  injecXon…	  we	  use	  H2	  

e-‐	  p	   p	   2	  protons	  per	  unit	  
of	  +1	  charge	  

1)   Accelerate more particles for same level of space charge 

23	  M.	  Toups	  -‐-‐	  WINP	  2/5/15	  



A simplified measure of the strength of 
space charge is the generalized perveance:

Comparing perveance at injection:
5 mA,  35 keV/n of H2+ =  2 mA, 30 keV of p

                       (already achieved in commercial cyclotrons)

1)   Accelerate more particles for same level of space charge 
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2)   Push the envelope of H2
+ intensities from ion sources

Most ions are lost in the first “turn”
because they hit material.

To capture 5 mA we will need
between 35 and 50 mA injected.

This is not unusual for a p source, but is high for an H2
+ source.

This is at the edge of what has been done…

RF

RF

Inflector
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Two options ion source options:

DAEδALUS 
Best Status Update! 8!

Bias Off!

S.	  Gammino	  et	  al.,	  “Tests	  of	  the	  VersaXle	  Ion	  Source	  (VIS)	  for	  high	  
power	  proton	  beam	  producXon”,	  ECRIS’10,	  Grenoble,	  France	  

1)	  

2)	  

VersaXle	  Ion	  Source	  re-‐opXmized	  for	  H2
+	  
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3)  Develop an unusually large spiral inflector (H2
+ rigidity)

Tricky to design:
•  B field effects
•  Space charge

This is an iterative R&D process

2/5/15	   27	  M.	  Toups	  -‐-‐	  WINP	  



These	  Issues	  Studied	  In	  Test	  Beam	  Experiments	  at	  
Best	  Cyclotrons	  Systems,	  Inc	  

28	  2/5/15	  

InternaXonal	  Partnership	  Between	  UniversiXes,	  Labs,	  and	  Industry	  
(Best	  Cyclotron	  Systems,	  INFN-‐Catania,	  and	  MIT	  -‐-‐	  NSF	  funded)	  

Beam	  direcXon	  

1	  MeV	  Test	  
Cyclotron	   VIS	  Ion	  

Source	  

Beam	  and	  source	  characterized	  
•  Emi6ance	  measurements	  
•  Space	  charge	  compensaXon	  
•  InflecXon	  and	  capture	  
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IsoDAR	  Cyclotron:	  Medical	  Isotopes	  
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Isotope half-life Use
52Fe 8.3 h The parent of the PET isotope 52Mn

and iron tracer for red-blood-cell formation and brain uptake studies.
122Xe 20.1 h The parent of PET isotope 122I used to study brain blood-flow.
28Mg 21 h A tracer that can be used for bone studies, analogous to calcium
128Ba 2.43 d The parent of positron emitter 128Cs.

As a potassium analog, this is used for heart and blood-flow imaging.
97Ru 2.79 d A �-emitter used for spinal fluid and liver studies.
117mSn 13.6 d A �-emitter potentially useful for bone studies.
82Sr 25.4 d The parent of positron emitter 82Rb, a potassium analogue

This isotope is also directly used as a PET isotope for heart imaging.

Table 1: Medical isotopes relevant at IsoDAR energies, reprinted from Ref. [42].

are substantially higher than existing isotope machines. This could enable either significantly greater
yield on a single target, should the technology be developed to use all this beam power on a target
or by sharing the beam between many targets to increase the versatility of the isotope factory. As
H+

2

ions are extracted from the cyclotron via a conventional septum, a narrow stripper can be placed
over a portion of the beam to convert ions passing through the stripper into protons that can then be
cleanly separated from the body of the beam and transferred to a production target. The remaining
beam is transported to further stripping stations, each peeling of a small portion of the beam to deliver
to a di↵erent target. In this way the power limits on any given target will not be exceeded, and high
e�ciency for use of the whole beam maintained. Examples of the isotopes which can be produced,
and their applications, are shown in Table 1.

A second isotope application of the H+

2

cyclotron is that ions of the same charge-to-mass ratios can
also be accelerated. Specifically, He++ (alpha-particle) beams can be accelerated at currents limited
only by the availability of such He++ ion sources. There are many isotopes that have tremendous
application potential and are limited today only by the very restricted availability of suitable high-
current alpha beams. In fact, the first prototype cyclotron to be built for testing injection of the
high-current H+

2

beams, to be built at the LNS in Catania, Italy, is being designed to be used directly
following the H+

2

injection tests as a dedicated alpha-particle cyclotron for producing radiotheraputic
isotopes. One example will be 211At, which is in short supply for even long term clinical studies

The DAE�ALUS Superconducting Ring Cyclotron, in extending the performance of today’s record-
holding PSI by increasing energy from 590 to 800 MeV and a factor of five in current, becomes a
member of the GeV - 10 MW - class of machines. Many such machines have been designed and
proposed but cost has been an impediment to their realization. To date, only one such project has
progressed to the advanced R&D and construction phase: MYRRHA [62] to be sited in Mol, Belgium.
These projects all fall within the ADS (Accelerator-Driven Systems) category, such as nuclear waste
transmutation, driving of sub-critical thorium-based reactors, tritium production, and others.

Along with the physics possibilities previously described, the DAE�ALUS cyclotrons provide new
opportunities in this field by o↵ering beams at a substantially reduced cost over the linear accelerators
which until now have been viewed as the only viable technology to reach these levels of beam power
in the GeV energy range. With successful development of these cyclotrons, a substantial growth in
the ADS field can be anticipated, with the cost hurdle having been surpassed.

12
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As a potassium analog, this is used for heart and blood-flow imaging.
97Ru 2.79 d A �-emitter used for spinal fluid and liver studies.
117mSn 13.6 d A �-emitter potentially useful for bone studies.
82Sr 25.4 d The parent of positron emitter 82Rb, a potassium analogue

This isotope is also directly used as a PET isotope for heart imaging.

Table 1: Medical isotopes relevant at IsoDAR energies, reprinted from Ref. [42].

are substantially higher than existing isotope machines. This could enable either significantly greater
yield on a single target, should the technology be developed to use all this beam power on a target
or by sharing the beam between many targets to increase the versatility of the isotope factory. As
H+

2

ions are extracted from the cyclotron via a conventional septum, a narrow stripper can be placed
over a portion of the beam to convert ions passing through the stripper into protons that can then be
cleanly separated from the body of the beam and transferred to a production target. The remaining
beam is transported to further stripping stations, each peeling of a small portion of the beam to deliver
to a di↵erent target. In this way the power limits on any given target will not be exceeded, and high
e�ciency for use of the whole beam maintained. Examples of the isotopes which can be produced,
and their applications, are shown in Table 1.

A second isotope application of the H+

2

cyclotron is that ions of the same charge-to-mass ratios can
also be accelerated. Specifically, He++ (alpha-particle) beams can be accelerated at currents limited
only by the availability of such He++ ion sources. There are many isotopes that have tremendous
application potential and are limited today only by the very restricted availability of suitable high-
current alpha beams. In fact, the first prototype cyclotron to be built for testing injection of the
high-current H+

2

beams, to be built at the LNS in Catania, Italy, is being designed to be used directly
following the H+

2

injection tests as a dedicated alpha-particle cyclotron for producing radiotheraputic
isotopes. One example will be 211At, which is in short supply for even long term clinical studies

The DAE�ALUS Superconducting Ring Cyclotron, in extending the performance of today’s record-
holding PSI by increasing energy from 590 to 800 MeV and a factor of five in current, becomes a
member of the GeV - 10 MW - class of machines. Many such machines have been designed and
proposed but cost has been an impediment to their realization. To date, only one such project has
progressed to the advanced R&D and construction phase: MYRRHA [62] to be sited in Mol, Belgium.
These projects all fall within the ADS (Accelerator-Driven Systems) category, such as nuclear waste
transmutation, driving of sub-critical thorium-based reactors, tritium production, and others.

Along with the physics possibilities previously described, the DAE�ALUS cyclotrons provide new
opportunities in this field by o↵ering beams at a substantially reduced cost over the linear accelerators
which until now have been viewed as the only viable technology to reach these levels of beam power
in the GeV energy range. With successful development of these cyclotrons, a substantial growth in
the ADS field can be anticipated, with the cost hurdle having been surpassed.
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How much does such a cyclotron cost?

Cost for the first
Cyclotron (on surface): <$21M

Does not include extra cost to install 
underground or cost of the target.

$1M engineering R&D needed to produce CDR to submit to funding agencies

Opens	  up	  possibility	  to	  produce	  a	  new	  type	  of	  neutrino	  source	  
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IsoDAR provides a pure and intense ⌫̄e source with an endpoint of 13 MeV produced through 8Li
�-decay. This source can be paired with a large scintillator detector, such as KamLAND, to produce
a sample of ⌫̄e-electron scatters that is more than five times larger than what has been collected
before. Such a sample allows for sensitive new physics searches arising from possible deviations in
Standard Model couplings.

PACS numbers:

I. INTRODUCTION

A large sample of antineutrino-electron scattering (ES)
events (⌫̄

e

+ e� ! ⌫̄
e

+ e�) allows for sensitive searches
for Beyond Standard Model physics. In the Standard
Model, the ES cross section depends only on kinematic
terms and the weak couplings, g

R

and g
L

, or, equiva-
lently, sin2 ✓

W

. Currently, sin2 ✓
W

is well known from
measurements outside of the neutrino sector [1], and the
ab initio prediction for this two-lepton scattering pro-
cess is therefore very precise. However, a rich variety
of new physics in the neutrino sector can a↵ect the ES
cross section. Such physics can include heavy partners
which mix with the light neutrinos, new Z 0s that cou-
ple only to neutrinos, and the existence of a neutrino
magnetic moment [2]. In this paper, we study the ef-
fect of nonstandard interactions (NSIs) on the ES cross
section. NSIs are introduced into the theory via an e↵ec-
tive 4-fermion term in the Lagrangian [3] and can induce
corrections to the Standard Model couplings, g

R

and g
L

.
For example, NSI terms can allow an incoming electron
flavor antineutrino to instantaneously convert to some
other flavor. An observed deviation from the Standard
Model expectation, indicative of new physics, could dra-
matically change our evolving understanding of neutrino
properties and interactions.

In this paper, we propose a precision study using the
new electron antineutrino source, IsoDAR [4] which is
being developed as part of the DAE�ALUS program [5].
In probing new physics via the ES channel, we consider
the following figures of merit when reporting our results:
(1) achievable sin2 ✓

W

measurement precision; (2) achiev-
able g

R

and g
L

measurement precision; and (3) sensi-
tivity to the NSI parameters specifically. While these
three physics goals can be considered related (at best)
and redundant (at worst), we find that it is useful and
instructive to frame this future measurement in terms of
each individually while relying mainly on sin2 ✓

W

mea-
surement precision as a representative figure of merit.

II. THE ISODAR SOURCE

The IsoDAR neutrino source [4], when combined with
the KamLAND detector [6], can collect more than
2400 ES events in a five year run. This estimate is smaller
than that reported in Ref. [4] as a number of analy-
sis cuts have been introduced. Such a collection of ES
events would be the largest to date and can be compared
to the samples from the Irvine experiment (458 events
from 1.5 to 3 MeV [7]); TEXONO (414 events from 3 to
8 MeV [8]); Rovno (41 events from 0.6 to 2 MeV [9]);
and MUNU (68 events from 0.7 to 2 MeV [10]).
IsoDAR [4] is a cyclotron that will accelerate protons to

60 MeV. The protons impinge on a 9Be target to produce
an abundant source of neutrons. The neutrons subse-
quently enter a surrounding 99.99% isotopically pure 7Li
sleeve, where neutron capture results in the creation of
8Li. This unstable isotope undergoes � decay to produce
an isotropic ⌫̄

e

flux with an average energy of ⇠6.5 MeV
and an endpoint of ⇠13 MeV. The ⌫̄

e

interact in the scin-
tillator detector via ES and inverse beta decay (IBD),
⌫̄
e

+ p ! e+ + n. Along with being the signal channel
for the sterile neutrino search described in Ref. [4], the
latter interaction is important for an ES measurement
as it provides a method to constrain the normalization
of the flux, as described in Ref. [11]. We note, however,
that the misidentification of IBD events as ⌫̄

e

events rep-
resents a significant source of background. The IsoDAR
parameters are shown in Table I.

III. ⌫̄e-ELECTRON ELASTIC SCATTERING

The neutral current and charged current both con-
tribute to the ES cross section. The ES Standard Model
di↵erential cross section is given by:

d�

dT
=

2G2

F

m
e

⇡

⇥
g2
R

+ g2
L

(1� T

E
⌫

)2 � g
R

g
L

m
e

T

E2

⌫

⇤
, (1)

where E
⌫

is the incident ⌫
e

energy, T is the electron recoil
kinetic energy, G

F

is the Fermi coupling constant, and

2

Accelerator 60 MeV/amu of H+

2

Power 600 kW
Duty cycle 90%
Run period 5 yrs (4.5 yrs live)

Target, sleeve 9Be, 7Li (99.99%)
⌫e source 8Li � decay
⌫e hE⌫i 6.4 MeV
⌫e flux 1.29⇥1023 ⌫e

Detector KamLAND
Fiducial mass 897 tons

Target face to detector center 16.1 m

Vertex resolution 12 cm/
p

E (MeV)

Energy resolution 6.5%/
p

E (MeV)

TABLE I: The IsoDAR experiment’s main characteristics, as
presented in Ref. [4]

.

m
e

is the mass of the electron. The coupling constants
at tree level can be expressed as:

g
L

=
1

2
+ sin2 ✓

W

; g
R

= sin2 ✓
W

(2)

The weak mixing parameter, sin2 ✓
W

, is related to G
F

,
M

Z

and ↵ by sin2 ✓
W

= (4⇡↵)/(
p
2G

F

M2

Z

). Precision
measurements at the colliders [12] and from muon de-
cay [13] therefore lead to an absolute prediction for the
ES cross section at tree level; the discovery of the Higgs
boson [14, 15] provides an absolute prediction beyond
leading order [12].

Given a precise prediction for the ES process, we can
look for beyond Standard Model physics e↵ects that can
cause a deviation from expectation in the measured cross
section. NSI terms can induce instantaneous transitions
from an electron flavor antineutrino to some other fla-
vor ↵. This modifies the cross section for ES scatters
through apparent changes to the measured couplings in
the following way:

d�(E
⌫

, T )

dT
=

2G2

F

m
e

⇡
[(g̃2

R

+
X

↵ 6=e

|✏eR
↵e

|2) +

(g̃2
L

+
X

↵ 6=e

|✏eL
↵e

|2)
✓
1� T

E
⌫

◆
2

�

(g̃
R

g̃
L

+
X

↵ 6=e

|✏eR
↵e

||✏eL
↵e

|)m
e

T

E2

⌫

] , (3)

where g̃
L

= g
L

+ ✏eL
ee

and g̃
R

= g
R

+ ✏eR
ee

. The couplings
g̃
L

and g̃
R

are switched in the case of neutrinos. The
NSI parameters are ✏eLR

eµ

and ✏eLR

e⌧

, which are associated
with flavor-changing-neutral currents, and ✏eLR

ee

, called
non-universal parameters. As the former are well con-
strained for muon flavor [16] and lepton flavor violating
processes are strongly limited in general, we neglect these
when considering IsoDAR’s sensitivity to NSI. That is,
we focus on the two relevant non-universal parameters
✏eLR

ee

and set the four others to zero. This is also a mat-
ter of simplicity and convenience, given the complications

that can arise when making assumptions about multiple
terms that have the potential to cancel each other. We
note that given some set of assumptions, sensitivity to
the poorly constrained parameters ✏eL

e⌧

and ✏eR
e⌧

is also
available.
A precision measurement of the ES cross section re-

quires an experiment which has strong reconstruction
capabilities, precision understanding of the flux normal-
ization, reasonably low backgrounds that are well con-
strained by direct measurement, and substantial statis-
tics. The approach described here follows the proposed
analysis of Ref. [11], which examined an ES cross sec-
tion measurement at a reactor-based antineutrino source.
The IsoDAR analysis has a considerable advantage over
reactor-based measurements because the 8Li-induced flux
peaks well above 3 MeV, where environmental back-
grounds are substantially decreased. Further, beam-
o↵ periods, which can be rare for commercial reactor
sources, allow a determination of non-beam-related back-
grounds in the case of IsoDAR.

IV. SIGNAL AND BACKGROUND

Neutrino-electron scattering events are simply charac-
terized by the outgoing electron’s energy in scintillation-
based detectors. However, directly evaluating Eq. 1 re-
quires the reconstruction of both T and E

⌫

. The electron
recoil kinetic energy, T , is equivalent to the visible energy
in the KamLAND detector, E

vis

. Unfortunately, E
⌫

can-
not be reconstructed in KamLAND because the exiting
antineutrino carries away undetectable energy and the
outgoing electron’s angle cannot be resolved. As a re-
sult, our analysis strategy is to consider the events in
terms of E

vis

bins while integrating over all E
⌫

values
that can contribute to these populations. Knowledge of
the flux, gained from the known IBD cross section and
rate measurement, is essential for this determination.

The uncertainty on the ES prediction is dominated
by the normalization uncertainty on the antineutrino
flux from the IsoDAR source. Following the method of
Ref. [11], this normalization will be determined from the
observed IBD events that can be well isolated using the
delayed coincidence of the prompt outgoing positron sig-
nal and delayed neutron capture signal. The uncertainty
for this determination is dominated by the KamLAND
IBD e�ciency error of 0.7% [6] combined with a 0.1%
statistical error, given the nominal 5 year IsoDAR run
expected. The IBD cross section error is negligible.

A series of cuts are applied to reduce ES backgrounds.
**A table showing all of the cuts explicitly should be
added**. To reduce cosmic background, we employ the
KamLAND veto cuts from Ref. [17]. For well-tracked
muons, this involves a 5 s veto in a 3 m radius around
the muon track and a 200 ms veto throughout the remain-
der of the detector. For poorly reconstructed tracks and
for muons with unusually high light levels, the 5 s veto is
applied throughout the detector. In order to di↵erentiate
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IsoDAR provides a pure and intense ⌫̄e source with an average energy of 6.5 MeV produced through
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collected before. Such a sample would allow for a 3.2% measurement of sin2 ✓W and a sensitive
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I. INTRODUCTION

A large sample of antineutrino-electron scattering (ES)
events (⌫̄

e

+ e� ! ⌫̄
e

+ e�) allows for sensitive searches
for Beyond Standard Model physics. In the Standard
Model, the ES cross section depends only on kinematic
terms and the weak couplings, g

V

and g
A

, or, equiva-
lently, sin2 ✓

W

. There are no complications arising from
strong interaction as in neutrino-quark scattering, be-
cause ES is purely leptonic. Currently, sin2 ✓

W

is well
known from measurements outside of the neutrino sec-
tor [1], and the ab initio prediction for this two-lepton
scattering process is therefore very precise. However, a
rich variety of new physics in the neutrino sector can af-
fect the ES cross section. Such physics can include heavy
partners which mix with the light neutrinos or new Z 0s
that couple only to neutrinos [2].

In this paper, we outline a precision study using the
proposed electron antineutrino source, IsoDAR [3] which
is being developed as part of the DAE�ALUS program [4].
The high event rate provided by this low energy source
leads to the possibility of precision measurements of the
couplings (g

V

and g
A

) and sin2 ✓
W

. Along with these
analyses, we explore IsoDAR’s sensitivity to nonstandard
interactions (NSIs)–new physics introduced into the the-
ory via an e↵ective 4-fermion term in the Lagrangian [5].
NSIs induce corrections to the Standard Model couplings,
g
V

and g
A

. An observed deviation from the Standard
Model expectation, indicative of new physics, could dra-
matically change our evolving understanding of neutrino
properties and interactions.
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II. THE ISODAR SOURCE

The IsoDAR antineutrino source [3], when combined
with the KamLAND detector [6], can collect more than
2400 ES events in a five year run. This estimate is smaller
than that reported in Ref. [3] as a number of analysis
cuts have been introduced. Such a collection of ⌫̄

e

ES
events would be the largest to date and can be compared
to the samples from the Irvine experiment (458 events
from 1.5 to 3 MeV [7]); TEXONO (414 events from 3 to
8 MeV [8]); Rovno (41 events from 0.6 to 2 MeV [9]);
and MUNU (68 events from 0.7 to 2 MeV [10]).
IsoDAR [3] is a cyclotron that will accelerate protons to

60 MeV. The protons impinge on a 9Be target to produce
an abundant source of neutrons. The neutrons subse-
quently enter a surrounding 99.99% isotopically pure 7Li
sleeve, where neutron capture results in the creation of
8Li. This unstable isotope undergoes � decay to produce
an isotropic ⌫̄

e

flux with an average energy of ⇠6.5 MeV
and an endpoint of ⇠13 MeV. The ⌫̄

e

interact in the scin-
tillator detector via ES and inverse beta decay (IBD),
⌫̄
e

+p ! e++n. Along with being the signal channel for
the sterile neutrino search described in Ref. [3], the lat-
ter interaction is important for an ES measurement as it
provides a method to constrain the normalization of the
flux, as described in Ref. [11]. We note, however, that the
misidentification of IBD events as ⌫̄

e

events represents a
significant source of background. The key experimental
parameters are summarized in Table I.

III. ⌫̄e-ELECTRON ELASTIC SCATTERING

The neutral current and charged current both con-
tribute to the ES cross section. The ES Standard Model
di↵erential cross section is given by:
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+ e�) allows for sensitive searches
for Beyond Standard Model physics. In the Standard
Model, the ES cross section depends only on kinematic
terms and the weak couplings, g

V

and g
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, or, equiva-
lently, sin2 ✓
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. There are no complications arising from
strong interaction as in neutrino-quark scattering, be-
cause ES is purely leptonic. Currently, sin2 ✓

W

is well
known from measurements outside of the neutrino sec-
tor [1], and the ab initio prediction for this two-lepton
scattering process is therefore very precise. However, a
rich variety of new physics in the neutrino sector can af-
fect the ES cross section. Such physics can include heavy
partners which mix with the light neutrinos or new Z 0s
that couple only to neutrinos [2].

In this paper, we outline a precision study using the
proposed electron antineutrino source, IsoDAR [3] which
is being developed as part of the DAE�ALUS program [4].
The high event rate provided by this low energy source
leads to the possibility of precision measurements of the
couplings (g

V

and g
A

) and sin2 ✓
W

. Along with these
analyses, we explore IsoDAR’s sensitivity to nonstandard
interactions (NSIs)–new physics introduced into the the-
ory via an e↵ective 4-fermion term in the Lagrangian [5].
NSIs induce corrections to the Standard Model couplings,
g
V

and g
A

. An observed deviation from the Standard
Model expectation, indicative of new physics, could dra-
matically change our evolving understanding of neutrino
properties and interactions.
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II. THE ISODAR SOURCE

The IsoDAR antineutrino source [3], when combined
with the KamLAND detector [6], can collect more than
2400 ES events in a five year run. This estimate is smaller
than that reported in Ref. [3] as a number of analysis
cuts have been introduced. Such a collection of ⌫̄

e

ES
events would be the largest to date and can be compared
to the samples from the Irvine experiment (458 events
from 1.5 to 3 MeV [7]); TEXONO (414 events from 3 to
8 MeV [8]); Rovno (41 events from 0.6 to 2 MeV [9]);
and MUNU (68 events from 0.7 to 2 MeV [10]).
IsoDAR [3] is a cyclotron that will accelerate protons to

60 MeV. The protons impinge on a 9Be target to produce
an abundant source of neutrons. The neutrons subse-
quently enter a surrounding 99.99% isotopically pure 7Li
sleeve, where neutron capture results in the creation of
8Li. This unstable isotope undergoes � decay to produce
an isotropic ⌫̄

e

flux with an average energy of ⇠6.5 MeV
and an endpoint of ⇠13 MeV. The ⌫̄

e

interact in the scin-
tillator detector via ES and inverse beta decay (IBD),
⌫̄
e

+p ! e++n. Along with being the signal channel for
the sterile neutrino search described in Ref. [3], the lat-
ter interaction is important for an ES measurement as it
provides a method to constrain the normalization of the
flux, as described in Ref. [11]. We note, however, that the
misidentification of IBD events as ⌫̄

e

events represents a
significant source of background. The key experimental
parameters are summarized in Table I.

III. ⌫̄e-ELECTRON ELASTIC SCATTERING

The neutral current and charged current both con-
tribute to the ES cross section. The ES Standard Model
di↵erential cross section is given by:
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Accelerator 60 MeV/amu of H+

2

Power 600 kW
Duty cycle 90%
Run period 5 yrs (4.5 yrs live)

Target, sleeve 9Be, 7Li (99.99%)
⌫e source 8Li � decay
⌫e hE⌫i 6.4 MeV
⌫e flux 1.29⇥1023 ⌫e

Detector KamLAND
Fiducial mass 897 tons

Target face to detector center 16.1 m

Vertex resolution 12 cm/
p

E (MeV)

Energy resolution 6.5%/
p

E (MeV)

TABLE I: The IsoDAR experiment’s main characteristics, as
presented in Ref. [4]
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measurements at the colliders [12] and from muon de-
cay [13] therefore lead to an absolute prediction for the
ES cross section at tree level; the discovery of the Higgs
boson [14, 15] provides an absolute prediction beyond
leading order [12].

Given a precise prediction for the ES process, we can
look for beyond Standard Model physics e↵ects that can
cause a deviation from expectation in the measured cross
section. NSI terms can induce instantaneous transitions
from an electron flavor antineutrino to some other fla-
vor ↵. This modifies the cross section for ES scatters
through apparent changes to the measured couplings in
the following way:
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where g̃
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ee
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. The couplings
g̃
L

and g̃
R

are switched in the case of neutrinos. The
NSI parameters are ✏eLR

eµ

and ✏eLR

e⌧

, which are associated
with flavor-changing-neutral currents, and ✏eLR

ee

, called
non-universal parameters. As the former are well con-
strained for muon flavor [16] and lepton flavor violating
processes are strongly limited in general, we neglect these
when considering IsoDAR’s sensitivity to NSI. That is,
we focus on the two relevant non-universal parameters
✏eLR

ee

and set the four others to zero. This is also a mat-
ter of simplicity and convenience, given the complications

that can arise when making assumptions about multiple
terms that have the potential to cancel each other. We
note that given some set of assumptions, sensitivity to
the poorly constrained parameters ✏eL

e⌧

and ✏eR
e⌧

is also
available.
A precision measurement of the ES cross section re-

quires an experiment which has strong reconstruction
capabilities, precision understanding of the flux normal-
ization, reasonably low backgrounds that are well con-
strained by direct measurement, and substantial statis-
tics. The approach described here follows the proposed
analysis of Ref. [11], which examined an ES cross sec-
tion measurement at a reactor-based antineutrino source.
The IsoDAR analysis has a considerable advantage over
reactor-based measurements because the 8Li-induced flux
peaks well above 3 MeV, where environmental back-
grounds are substantially decreased. Further, beam-
o↵ periods, which can be rare for commercial reactor
sources, allow a determination of non-beam-related back-
grounds in the case of IsoDAR.

IV. SIGNAL AND BACKGROUND

Neutrino-electron scattering events are simply charac-
terized by the outgoing electron’s energy in scintillation-
based detectors. However, directly evaluating Eq. 1 re-
quires the reconstruction of both T and E

⌫

. The electron
recoil kinetic energy, T , is equivalent to the visible energy
in the KamLAND detector, E

vis

. Unfortunately, E
⌫

can-
not be reconstructed in KamLAND because the exiting
antineutrino carries away undetectable energy and the
outgoing electron’s angle cannot be resolved. As a re-
sult, our analysis strategy is to consider the events in
terms of E

vis

bins while integrating over all E
⌫

values
that can contribute to these populations. Knowledge of
the flux, gained from the known IBD cross section and
rate measurement, is essential for this determination.

The uncertainty on the ES prediction is dominated
by the normalization uncertainty on the antineutrino
flux from the IsoDAR source. Following the method of
Ref. [11], this normalization will be determined from the
observed IBD events that can be well isolated using the
delayed coincidence of the prompt outgoing positron sig-
nal and delayed neutron capture signal. The uncertainty
for this determination is dominated by the KamLAND
IBD e�ciency error of 0.7% [6] combined with a 0.1%
statistical error, given the nominal 5 year IsoDAR run
expected. The IBD cross section error is negligible.

A series of cuts are applied to reduce ES backgrounds.
**A table showing all of the cuts explicitly should be
added**. To reduce cosmic background, we employ the
KamLAND veto cuts from Ref. [17]. For well-tracked
muons, this involves a 5 s veto in a 3 m radius around
the muon track and a 200 ms veto throughout the remain-
der of the detector. For poorly reconstructed tracks and
for muons with unusually high light levels, the 5 s veto is
applied throughout the detector. In order to di↵erentiate
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Duty cycle 90%
Run period 5 yrs (4.5 yrs live)

Target, sleeve 9Be, 7Li (99.99%)
⌫e source 8Li � decay
⌫e hE⌫i 6.4 MeV
⌫e flux 1.29⇥1023 ⌫e
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Fiducial mass 897 tons

Target face to detector center 16.1 m

Vertex resolution 12 cm/
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Energy resolution 6.5%/
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TABLE I: The IsoDAR experiment’s main characteristics, as
presented in Ref. [4]
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strained by direct measurement, and substantial statis-
tics. The approach described here follows the proposed
analysis of Ref. [11], which examined an ES cross sec-
tion measurement at a reactor-based antineutrino source.
The IsoDAR analysis has a considerable advantage over
reactor-based measurements because the 8Li-induced flux
peaks well above 3 MeV, where environmental back-
grounds are substantially decreased. Further, beam-
o↵ periods, which can be rare for commercial reactor
sources, allow a determination of non-beam-related back-
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that can contribute to these populations. Knowledge of
the flux, gained from the known IBD cross section and
rate measurement, is essential for this determination.

The uncertainty on the ES prediction is dominated
by the normalization uncertainty on the antineutrino
flux from the IsoDAR source. Following the method of
Ref. [11], this normalization will be determined from the
observed IBD events that can be well isolated using the
delayed coincidence of the prompt outgoing positron sig-
nal and delayed neutron capture signal. The uncertainty
for this determination is dominated by the KamLAND
IBD e�ciency error of 0.7% [6] combined with a 0.1%
statistical error, given the nominal 5 year IsoDAR run
expected. The IBD cross section error is negligible.

A series of cuts are applied to reduce ES backgrounds.
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added**. To reduce cosmic background, we employ the
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muons, this involves a 5 s veto in a 3 m radius around
the muon track and a 200 ms veto throughout the remain-
der of the detector. For poorly reconstructed tracks and
for muons with unusually high light levels, the 5 s veto is
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quires an experiment which has strong reconstruction
capabilities, precision understanding of the flux normal-
ization, reasonably low backgrounds that are well con-
strained by direct measurement, and substantial statis-
tics. The approach described here follows the proposed
analysis of Ref. [11], which examined an ES cross sec-
tion measurement at a reactor-based antineutrino source.
The IsoDAR analysis has a considerable advantage over
reactor-based measurements because the 8Li-induced flux
peaks well above 3 MeV, where environmental back-
grounds are substantially decreased. Further, beam-
o↵ periods, which can be rare for commercial reactor
sources, allow a determination of non-beam-related back-
grounds in the case of IsoDAR.
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not be reconstructed in KamLAND because the exiting
antineutrino carries away undetectable energy and the
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terms of E

vis

bins while integrating over all E
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that can contribute to these populations. Knowledge of
the flux, gained from the known IBD cross section and
rate measurement, is essential for this determination.

The uncertainty on the ES prediction is dominated
by the normalization uncertainty on the antineutrino
flux from the IsoDAR source. Following the method of
Ref. [11], this normalization will be determined from the
observed IBD events that can be well isolated using the
delayed coincidence of the prompt outgoing positron sig-
nal and delayed neutron capture signal. The uncertainty
for this determination is dominated by the KamLAND
IBD e�ciency error of 0.7% [6] combined with a 0.1%
statistical error, given the nominal 5 year IsoDAR run
expected. The IBD cross section error is negligible.

A series of cuts are applied to reduce ES backgrounds.
**A table showing all of the cuts explicitly should be
added**. To reduce cosmic background, we employ the
KamLAND veto cuts from Ref. [17]. For well-tracked
muons, this involves a 5 s veto in a 3 m radius around
the muon track and a 200 ms veto throughout the remain-
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FIG. 1: The number of signal and background events as a
function of visible energy. The thick solid line shows the
ES signal events, the dashed line shows the non-beam back-
ground, and the thin solid line with x’s shows the misiden-
tified IBD beam background. The distributions include an
energy smearing of �E

vis

= 0.065 ·
p

E
vis

(MeV) . **It would
be good to put a legend on this figure so that we can show it
in presentations without the caption**

Events
Elastic scattering (ES) 2421
IBD Mis-ID Bkgnd 795
Non-beam Bkgnd 3235

Total 6451

TABLE II: Total events after cuts including R < 5 m and
E

vis

> 3 MeV.

ES events, which have only one associated flash of light,
from IBD events, a requirement of�t > 2 ms between co-
incident light flashes is required. To remove backgrounds
from external sources, a radial cut of �r < 5.0 m is
applied. Lastly, to separate ES signal from low energy
backgrounds, we use E

vis

> 3 MeV. Figure 1 shows the
ES and background events as a function of E

vis

for a five
year run with the parameters given in Table I. Table II
shows the total event number of events expected.

In the following subsections we provide more infor-
mation on the calculation of the expected background
rate and E

vis

dependence (i.e. “shape”). The back-
grounds can be grouped into beam-related backgrounds,
which are dominated by IBD events, and non-beam back-
grounds, arising from solar neutrino interactions, spalla-
tion, and environmental sources. Table III provides a
summary of the non-beam backgrounds. **There is a
mismatch between the non-beam background totals in
Tables 2 and 3. Why? **

Events
8B Solar Neutrino 892.8

208Tl 594.3
External � Stainless 227.4
External � Rock 533.7
Spallation 8B 45.0
Spallation 8Li 95.7
Spallation 11Be 490.0

Total 2878.8

TABLE III: Total non-beam background events after cuts in-
cluding R < 5 m and E

vis

> 3 MeV.

A. Misidentified IBD events from beam
interactions

The primary beam-on background is due to misidenti-
fied IBD events. Notably, the beam-on background from
neutrons is negligible. The IsoDAR source is designed
with shielding to slow fast neutrons and reduce this back-
ground to a negligible level. For thermal neutrons that
leak into the fiducial volume, the visible energy from cap-
ture on Hydrogen is below the 3 MeV cut.
The IsoDAR source produces 8⇥ 105 IBD interactions

over five years in the 897 ton fiducial mass KamLAND de-
tector. Most of the IBD interactions can be removed from
the ES sample by rejecting any events that have a delayed
neutron capture on Hydrogen. However, even if just 1%
of these events leak into the ES sample, then the IBD
contribution becomes the single largest background in
this analysis. The KamLAND IBD identification analy-
sis has evolved in time from simple time- and space-based
cuts [18, 19] to a more sophisticated likelihood-based se-
lection [6, 20, 21]. These cuts are chosen to maximize
the purity of the IBD sample, and have an e�ciency of
around ⇠90%, with the precise value depending on the
analysis. In this analysis, we strive to maximize the IBD
detection e�ciency so as to reduce the misidentified IBD
background. We apply the same cuts as for the ES se-
lection, except that we now require a second, coincident
flash of light within�t < 2 ms. Coincidences which occur
shortly after the prompt event are more di�cult to iden-
tify, and so we separate the expected e�ciencies into two
time windows. For �t < 0.5 µs, ✏early

IBD

= 0.0024± 0.0002
and for 0.5µs< �t < 2 ms, ✏late

IBD

= 0.9975±0.0002. Com-
bining these gives an overall e�ciency for reconstructing
IBD events in �t < 2 ms of ✏

IBD

= 0.9975 ± 0.0002.
This �t cut introduces a loss of exposure time due to
accidental coincidences. This is a <0.5% e↵ect which is
neglected in this analysis.

B. Solar neutrino background

The neutrino-electron elastic scattering of 8B so-
lar neutrinos is a background to the ES mea-
surement with IsoDAR. Super-Kamiokande has pro-

2421	  signal	  events	   708	  beam	  background	  events	  

2879	  beam-‐off	  background	  events	  
(can	  be	  subtracted	  to	  high	  precision)	  
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Bkg factor � sin2 ✓W
� sin

2 ✓W
sin

2 ✓W
� sin2 ✓stat-onlyW

Rate +Shape 1.0 0.0076 3.2% 0.0057
Shape Only 1.0 0.0543 22.8% 0.0395
Rate Only 1.0 0.0077 3.2% 0.0058

Rate +Shape 0.5 0.0059 2.5% 0.0048
Rate +Shape 0.0 0.0040 1.7% 0.0037

TABLE V: Estimated sin2 ✓W measurement sensitivity for
various types of fits to the E

vis

distribution. The second col-
umn indicates the background reduction factor.
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FIG. 2: IsoDAR’s sensitivity to gV and gA along with allowed
regions from other neutrino scattering experiments and the
electroweak global best fit point taken from Ref. [37]. The
IsoDAR, LSND, and TEXONO contours are all at 1� and are
all plotted in terms of g

⌫µe
V,A = g⌫eeV,A � 1 to compare with ⌫µ

scattering data. The ⌫µe/⌫̄µe contour is at 90% C.L.

cuts from 5 m to 6 m yields similar sin2 ✓
W

measurement
sensitivity since the increase in backgrounds at higher
radii counteracts the increased fiducial volume. To mini-
mize the sensitivity to these backgrounds, a radial cut
of 5 m was chosen. The di↵erential cross section for
antineutrino-electron scattering peaks towards low out-
going electron energy due to the energy carried away by
the outgoing antineutrino. Thus, a low E

vis

cut will give
the best sin2 ✓

W

measurement sensitivity. In order to
avoid the many large backgrounds sources at low energy,
a E

vis

> 3 MeV analysis cut is used.
With the cuts previously described and with the as-

sumptions listed in Table I, the total numbers of elastic
scattering and background events are given in Table III.
Fits to the E

vis

distribution of the event sum, using the
�2 function given in Eq. 5, yields the results shown in Ta-
ble V. The results are given for a combined fit of the rate
and E

vis

shape along with each separately. From these
results, it is clear that this measurement is mainly depen-
dent on the sensitivity of the rate to changes in sin2 ✓

W

and is dominated by statistical uncertainty. The slope,
d sin2 ✓

W

/dN = 7.4⇥10�5, when combined with the total
event rate of 6158.8 implies a statistical uncertainty on

-1.8

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1
!ee

R
!e
eL

IsoDAR 90% CL

Global Analysis 90% CL
(Forero and Guzzo)
Series1

IsoDAR 90% CL

Series5

Series6

IsoDAR 90% CL

Series8

Series9

IsoDAR 90% CL

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

-0.15 -0.1 -0.05 0 0.05 0.1

!ee
R

!e
eL

IsoDAR 90% CL

Global Analysis 90% CL
(Forero and Guzzo)
Series1

FIG. 3: (Top) IsoDAR’s sensitivity to ✏eLee and ✏eRee . The cur-
rent global allowed region, based on Ref.[38] is also shown.
(Bottom) A zoomed-in version of the top plot, emphasizing
the region near ✏eLee and ✏eRee ⇠ 0 is shown.

sin2 ✓
W

of 0.0058. Backgrounds could be reduced further
using more advanced analysis techniques. For example,
if the directionality of the incoming antineutrino could
be reconstructed[36], the ES events could be e↵ectively
separated from isotropic backgrounds. Results are also
shown for the case where the background is reduced by
50% or eliminated.

In addition we can treat Eq. 5 as a function of g
V

and
g
A

and perform a two-parameter fit. The 1� contour for
this fit is shown overlaid on data from other neutrino
electron scattering experiments in Fig. 2. The charge
current contribution has been removed from the ⌫

e

e and
⌫̄
e

e scattering data by plotting the contours in terms of
g
⌫µe

V,A

= g⌫ee

V,A

�1 in order to more easily compare with ⌫
µ

e
and ⌫̄

µ

e scattering data. IsoDAR significantly constrains
the global allowed region for the weak couplings derived
from ⌫

e

e and ⌫̄
e

e scattering data and can test their con-
sistency with the weak couplings derived from ⌫

µ

e/⌫̄
µ

e
scattering.

Finally, using the assumptions listed in Table I as well
as the background and systematics previously described,
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Bkg factor � sin2 ✓W
� sin

2 ✓W
sin

2 ✓W
� sin2 ✓stat-onlyW

Rate +Shape 1.0 0.0076 3.2% 0.0057
Shape Only 1.0 0.0543 22.8% 0.0395
Rate Only 1.0 0.0077 3.2% 0.0058

Rate +Shape 0.5 0.0059 2.5% 0.0048
Rate +Shape 0.0 0.0040 1.7% 0.0037

TABLE V: Estimated sin2 ✓W measurement sensitivity for
various types of fits to the E

vis

distribution. The second col-
umn indicates the background reduction factor.
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FIG. 2: IsoDAR’s sensitivity to gV and gA along with allowed
regions from other neutrino scattering experiments and the
electroweak global best fit point taken from Ref. [37]. The
IsoDAR, LSND, and TEXONO contours are all at 1� and are
all plotted in terms of g

⌫µe
V,A = g⌫eeV,A � 1 to compare with ⌫µ

scattering data. The ⌫µe/⌫̄µe contour is at 90% C.L.

cuts from 5 m to 6 m yields similar sin2 ✓
W

measurement
sensitivity since the increase in backgrounds at higher
radii counteracts the increased fiducial volume. To mini-
mize the sensitivity to these backgrounds, a radial cut
of 5 m was chosen. The di↵erential cross section for
antineutrino-electron scattering peaks towards low out-
going electron energy due to the energy carried away by
the outgoing antineutrino. Thus, a low E

vis

cut will give
the best sin2 ✓

W

measurement sensitivity. In order to
avoid the many large backgrounds sources at low energy,
a E

vis

> 3 MeV analysis cut is used.
With the cuts previously described and with the as-

sumptions listed in Table I, the total numbers of elastic
scattering and background events are given in Table III.
Fits to the E

vis

distribution of the event sum, using the
�2 function given in Eq. 5, yields the results shown in Ta-
ble V. The results are given for a combined fit of the rate
and E

vis

shape along with each separately. From these
results, it is clear that this measurement is mainly depen-
dent on the sensitivity of the rate to changes in sin2 ✓

W

and is dominated by statistical uncertainty. The slope,
d sin2 ✓

W

/dN = 7.4⇥10�5, when combined with the total
event rate of 6158.8 implies a statistical uncertainty on
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FIG. 3: (Top) IsoDAR’s sensitivity to ✏eLee and ✏eRee . The cur-
rent global allowed region, based on Ref.[38] is also shown.
(Bottom) A zoomed-in version of the top plot, emphasizing
the region near ✏eLee and ✏eRee ⇠ 0 is shown.

sin2 ✓
W

of 0.0058. Backgrounds could be reduced further
using more advanced analysis techniques. For example,
if the directionality of the incoming antineutrino could
be reconstructed[36], the ES events could be e↵ectively
separated from isotropic backgrounds. Results are also
shown for the case where the background is reduced by
50% or eliminated.

In addition we can treat Eq. 5 as a function of g
V

and
g
A

and perform a two-parameter fit. The 1� contour for
this fit is shown overlaid on data from other neutrino
electron scattering experiments in Fig. 2. The charge
current contribution has been removed from the ⌫

e

e and
⌫̄
e

e scattering data by plotting the contours in terms of
g
⌫µe

V,A

= g⌫ee

V,A

�1 in order to more easily compare with ⌫
µ

e
and ⌫̄

µ

e scattering data. IsoDAR significantly constrains
the global allowed region for the weak couplings derived
from ⌫

e

e and ⌫̄
e

e scattering data and can test their con-
sistency with the weak couplings derived from ⌫

µ

e/⌫̄
µ

e
scattering.

Finally, using the assumptions listed in Table I as well
as the background and systematics previously described,
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Shape Only 1.0 0.0543 22.8% 0.0395
Rate Only 1.0 0.0077 3.2% 0.0058

Rate +Shape 0.5 0.0059 2.5% 0.0048
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TABLE V: Estimated sin2 ✓W measurement sensitivity for
various types of fits to the E
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distribution. The second col-
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regions from other neutrino scattering experiments and the
electroweak global best fit point taken from Ref. [37]. The
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all plotted in terms of g
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V,A = g⌫eeV,A � 1 to compare with ⌫µ

scattering data. The ⌫µe/⌫̄µe contour is at 90% C.L.

cuts from 5 m to 6 m yields similar sin2 ✓
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measurement
sensitivity since the increase in backgrounds at higher
radii counteracts the increased fiducial volume. To mini-
mize the sensitivity to these backgrounds, a radial cut
of 5 m was chosen. The di↵erential cross section for
antineutrino-electron scattering peaks towards low out-
going electron energy due to the energy carried away by
the outgoing antineutrino. Thus, a low E

vis

cut will give
the best sin2 ✓

W

measurement sensitivity. In order to
avoid the many large backgrounds sources at low energy,
a E

vis

> 3 MeV analysis cut is used.
With the cuts previously described and with the as-

sumptions listed in Table I, the total numbers of elastic
scattering and background events are given in Table III.
Fits to the E

vis

distribution of the event sum, using the
�2 function given in Eq. 5, yields the results shown in Ta-
ble V. The results are given for a combined fit of the rate
and E

vis

shape along with each separately. From these
results, it is clear that this measurement is mainly depen-
dent on the sensitivity of the rate to changes in sin2 ✓

W

and is dominated by statistical uncertainty. The slope,
d sin2 ✓

W

/dN = 7.4⇥10�5, when combined with the total
event rate of 6158.8 implies a statistical uncertainty on
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FIG. 3: (Top) IsoDAR’s sensitivity to ✏eLee and ✏eRee . The cur-
rent global allowed region, based on Ref.[38] is also shown.
(Bottom) A zoomed-in version of the top plot, emphasizing
the region near ✏eLee and ✏eRee ⇠ 0 is shown.

sin2 ✓
W

of 0.0058. Backgrounds could be reduced further
using more advanced analysis techniques. For example,
if the directionality of the incoming antineutrino could
be reconstructed[36], the ES events could be e↵ectively
separated from isotropic backgrounds. Results are also
shown for the case where the background is reduced by
50% or eliminated.

In addition we can treat Eq. 5 as a function of g
V

and
g
A

and perform a two-parameter fit. The 1� contour for
this fit is shown overlaid on data from other neutrino
electron scattering experiments in Fig. 2. The charge
current contribution has been removed from the ⌫

e

e and
⌫̄
e

e scattering data by plotting the contours in terms of
g
⌫µe

V,A

= g⌫ee

V,A

�1 in order to more easily compare with ⌫
µ

e
and ⌫̄

µ

e scattering data. IsoDAR significantly constrains
the global allowed region for the weak couplings derived
from ⌫

e

e and ⌫̄
e

e scattering data and can test their con-
sistency with the weak couplings derived from ⌫

µ

e/⌫̄
µ

e
scattering.

Finally, using the assumptions listed in Table I as well
as the background and systematics previously described,
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OscSNS	  
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900	  tons	  

Located	  60	  m	  from	  1.4	  MW	  spallaXon	  neutron	  source	  

Mineral	  oil	  detector	  
lightly	  doped	  with	  
scinXllator	  

Expect	  677	  ±	  39	  	  	  	  	  	  	  	  	  	  events	  per	  year	  	  ⌫ee

Expect	  to	  improve	  on	  LSND	  gV-‐gA	  limits	  

M.	  Toups	  -‐-‐	  WINP	  



RadioacXve	  sources	  

IBD 

Produced	  from	  thermal	  neutron	  
capture	  on	  Cr	  enriched	  in	  50Cr	  	  

51Cr	  (τ=40	  days)	  

Mono-‐energeXc	  750	  keV	  
90%	  of	  the	  Xme	  

Produced	  via	  chemical	  extracXon	  
from	  spent	  nuclear	  fuel	  

144Ce-‐144Pr	  (τ=411	  days)	  
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⌫e

GALLEX	  51Cr	  source	  acXvity:	  
62.5	  ±	  0.4	  PBq	   Assume	  acXvity	  measured	  to	  1.5%	  

⌫̄e source	  
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10	  MCi,	  	  	  
3	  mo.	  

75	  kCi,	  
1.5	  yrs	  

75	  kCi,	  
1.5	  yrs	  

JHEP	  1308	  (2013)	  038	  

RadioacXve	  Sources	  at	  Borexino	  (SOX)	  	  
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Phase	  A	  

RadioacXve	  Sources	  at	  Borexino	  (SOX)	  	  
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Borexino	  backgrounds	  and	  detector	  model	  calibrated	  to	  1%	  
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RadioacXve	  Sources	  at	  Borexino	  (SOX)	  	  

2/5/15	   45	  

Phase	  C	  

Phase	  A	  

Phases	  
A	  &	  C	  

Charm	  II	  

Would	  really	  like	  to	  see	  more	  published	  details	  of	  this	  analysis	  
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51Cr	  

Source	  

1	  m	  below	  ~6	  tons	  of	  LXe	  
(cylinder	  137.2	  cm	  diameter,	  
137.2	  cm	  height)	  

5	  MCi	  51Cr	  Source	  For	  100	  days	  at	  LZ	  

ν	  magneXc	  moment	  
sensiXvity	  as	  a	  
funcXon	  of	  recoil	  
detecXon	  	  
threshold	  
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Precision ⌫̄e�-electron Scattering Measurements with IsoDAR to Search for New

Physics
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IsoDAR provides a pure and intense ⌫̄e source with an endpoint of 13 MeV produced through 8Li
�-decay. This source can be paired with a large scintillator detector, such as KamLAND, to produce
a sample of ⌫̄e-electron scatters that is more than five times larger than what has been collected
before. Such a sample allows for sensitive new physics searches arising from possible deviations in
Standard Model couplings.

PACS numbers:

I. INTRODUCTION

A large sample of antineutrino-electron scattering (ES)
events (⌫̄

e

+ e� ! ⌫̄
e

+ e�) allows for sensitive searches
for Beyond Standard Model physics. In the Standard
Model, the ES cross section depends only on kinematic
terms and the weak couplings, g

R

and g
L

, or, equiva-
lently, sin2 ✓

W

. Currently, sin2 ✓
W

is well known from
measurements outside of the neutrino sector [1], and the
ab initio prediction for this two-lepton scattering pro-
cess is therefore very precise. However, a rich variety
of new physics in the neutrino sector can a↵ect the ES
cross section. Such physics can include heavy partners
which mix with the light neutrinos, new Z 0s that cou-
ple only to neutrinos, and the existence of a neutrino
magnetic moment [2]. In this paper, we study the ef-
fect of nonstandard interactions (NSIs) on the ES cross
section. NSIs are introduced into the theory via an e↵ec-
tive 4-fermion term in the Lagrangian [3] and can induce
corrections to the Standard Model couplings, g

R

and g
L

.
For example, NSI terms can allow an incoming electron
flavor antineutrino to instantaneously convert to some
other flavor. An observed deviation from the Standard
Model expectation, indicative of new physics, could dra-
matically change our evolving understanding of neutrino
properties and interactions.

In this paper, we propose a precision study using the
new electron antineutrino source, IsoDAR [4] which is
being developed as part of the DAE�ALUS program [5].
In probing new physics via the ES channel, we consider
the following figures of merit when reporting our results:
(1) achievable sin2 ✓

W

measurement precision; (2) achiev-
able g

R

and g
L

measurement precision; and (3) sensi-
tivity to the NSI parameters specifically. While these
three physics goals can be considered related (at best)
and redundant (at worst), we find that it is useful and
instructive to frame this future measurement in terms of
each individually while relying mainly on sin2 ✓

W

mea-
surement precision as a representative figure of merit.

II. THE ISODAR SOURCE

The IsoDAR neutrino source [4], when combined with
the KamLAND detector [6], can collect more than
2400 ES events in a five year run. This estimate is smaller
than that reported in Ref. [4] as a number of analy-
sis cuts have been introduced. Such a collection of ES
events would be the largest to date and can be compared
to the samples from the Irvine experiment (458 events
from 1.5 to 3 MeV [7]); TEXONO (414 events from 3 to
8 MeV [8]); Rovno (41 events from 0.6 to 2 MeV [9]);
and MUNU (68 events from 0.7 to 2 MeV [10]).
IsoDAR [4] is a cyclotron that will accelerate protons to

60 MeV. The protons impinge on a 9Be target to produce
an abundant source of neutrons. The neutrons subse-
quently enter a surrounding 99.99% isotopically pure 7Li
sleeve, where neutron capture results in the creation of
8Li. This unstable isotope undergoes � decay to produce
an isotropic ⌫̄

e

flux with an average energy of ⇠6.5 MeV
and an endpoint of ⇠13 MeV. The ⌫̄

e

interact in the scin-
tillator detector via ES and inverse beta decay (IBD),
⌫̄
e

+ p ! e+ + n. Along with being the signal channel
for the sterile neutrino search described in Ref. [4], the
latter interaction is important for an ES measurement
as it provides a method to constrain the normalization
of the flux, as described in Ref. [11]. We note, however,
that the misidentification of IBD events as ⌫̄

e

events rep-
resents a significant source of background. The IsoDAR
parameters are shown in Table I.

III. ⌫̄e-ELECTRON ELASTIC SCATTERING

The neutral current and charged current both con-
tribute to the ES cross section. The ES Standard Model
di↵erential cross section is given by:

d�

dT
=

2G2

F

m
e

⇡

⇥
g2
R

+ g2
L

(1� T

E
⌫

)2 � g
R

g
L

m
e

T

E2

⌫

⇤
, (1)

where E
⌫

is the incident ⌫
e

energy, T is the electron recoil
kinetic energy, G

F

is the Fermi coupling constant, and
+

2.9	  ×	  10−11	  μB	  at	  90%	  C.L.	  	  |µ⌫ | <

Astrophysical	  limit:	  	  	  
Phys.	  Rept.	  320	  (1999)	  319-‐327	  

JHEP11	  (2014)	  042	  

Lab	  limit:	  
Adv.High	  Energy	  Phys.	  2012	  (2012)	  350150	  



Conclusions	  
•  IsoDAR	  is	  a	  definiXve	  sterile	  neutrino	  search	  
–  Global	  allowed	  region	  excluded	  at	  5σ	  in	  4	  months	  
–  “Smoking	  gun”	  oscillaXon	  waves	  reconstructed	  in	  detector	  
– Measurement	  sensiXvity	  to	  sterile	  ν	  oscillaXon	  parameters	  
–  DifferenXates	  between	  3+1	  and	  3+2	  scenerios	  

•  Lots	  of	  progress	  on	  IsoDAR’s	  technical	  challenges	  

•  Precise	  electroweak	  tests,	  NSI	  searches	  possible	  at	  IsoDAR	  

•  SOX’s	  combined	  three	  phases	  probe	  both	  	  	  	  	  	  	  	  	  and	  
sca6ering	  and	  also	  allows	  precise	  electroweak	  test,	  NSI	  
searches.	  51Cr	  source	  can	  also	  probe	  νMM	  at	  DM	  detectors	  
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End.	  



Extraction Process
+

_ Extraction Channel

“Septum”

4)	  Avoid	  beam	  losses	  on	  the	  	  
	  	  	  	  	  electrostaXc	  extracXon	  septum	  
	  	  	  	  	  (protecXng	  with	  a	  stripper	  foil,	  
	  	  	  	  	  removing	  50	  µA	  of	  beam)	  

GND

2/5/15	   49	  M.	  Toups	  -‐-‐	  WINP	  



Extraction Process
+

_

Nth turn

Extraction Channel

GND
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Extraction Process
+

_

(N+1)th turn

Extraction Channel

ΔE

GND
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Extraction Process

“Problem”
(120 W max)  

~0.02% intercepted
on septum
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Extraction Process

stripper foil

H2
+

ProtonsNotice protons
cross the 
cyclotron
to exit!
That’s ok!
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This is the beam energy and
intensity that pharmaceutical
companies need to produce
82Sr  à 82Rb

Can we offset some cost of running,
by collaborating with a company
on producing 82Sr?

The 50 µA of extracted beam
from the foil can be used…
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IsoDAR Cyclotron Design
•  Non-superconducting, single coil design

•  Accelerates 5mA H2
+ to 60 MeV/amu (600 kW proton beam)

•  Beam dynamics simulated using OPAL code
•  Verified single turn extraction with ‘classical’ electrostatic septum

[PRL.	  109,	  141802]	  

[Nucl.Instrum.Meth.	  A704	  
(2013)	  84-‐91]	  
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arXiv:1205.4419	  

•  IsoDAR	  νe	  beam	  
–  About	  0.016	  8Li	  isotopes	  per	  proton	  

produced	  	  
•  Giving	  a	  very	  high-‐intensity	  νe	  flux	  

–  	  8Li	  is	  the	  only	  significant	  neutrino	  
producing	  isotope	  
•  Well-‐understood	  energy	  spectrum	  

–  8Li	  producXon	  mainly	  from	  neutron	  
capture	  on	  FLiBe	  7Li	  sleeve	  

	  

5	  yrs	  at	  KamLAND	  

8Li	  from	  
outer	  FLiBe	  
sleeve	  
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e	  
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	  /	  
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High-‐intensity,	  well-‐understood	  νe	  beam	  	  
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Compact	  neutrino	  source	  plus	  KamLANDs	  good	  L,	  E	  resoluXon	  	  

•  IsoDAR	  produces	  compact	  neutrino	  
source:	  
–  σx	  =	  σy	  =	  23	  cm	  and	  σz	  =	  	  37	  cm	  
–  Well-‐understood	  energy	  spectrum	  

•  KamLAND	  has	  excellent	  resoluXon	  
–  vertex:	  12cm/√E(MeV)	  
–  energy:	  6.4%/√E(MeV)	  

⇒ These combine to give excellent L/
E resolution for oscillation studies	  

	  
	  

8Li	  creaXon	  points	  
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Beam	  direcXon	  
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Commissioning	  the	  Ion	  Source	  
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1	  MeV	  Test	  Cyclotron	  at	  BEST,	  Inc	  
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First	  Beam	  Through	  Inflector	  

60	  

7.2	  milliamps!	  
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Dee	  1	  Dee	  2	  

Radial	  Probe	  1	  

Radial	  Probe	  3	  

Radial	  Probe	  2	  

Beam	  

AcceleraXng	  Gaps	  

Beam	  injected	  and	  accelerated	  in	  test	  cyclotron	  3.5	  turns	  (600	  keV)!	  
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Recently raised:   Why not a next-generation D-T generator?
Expected date for D-T:  2016

Produces fewer n/s:
1013 n/s  vs IsoDAR 1015 n/s
But cheaper and needs less power.

Generator w/ HV cage is very large, 
and neutrons are isotropic.
How do you surround w/ sleeve?

How do you maintain/service
this device if it is integral  
to the sleeve?

How do you assure a very pure
8Li flux with so much internal
material?

Engineering + physics issues à  prefer the cyclotron solution

300 kV
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Are cyclotrons
really the best
option for 
isotope
decay-at-rest?

arxiv: 1210.4454
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From the IBA report…
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